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Conditional BDNF release under pathological 
conditions improves Huntington's disease 
pathology by delaying neuronal dysfunction 
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Abstract 

Background: Brain-Derived Neurotrophic Factor (BDNF) is the main candidate for neuroprotective therapy for 
Huntington's disease (HD), but its conditional administration is one of its most challenging problems. 

Results: Here we used transgenic mice that over-express BDNF under the control of the Glial Fibrillary Acidic 
Protein (GFAP) promoter (pGFAP-BDNF mice) to test whether up-regulation and release of BDNF, dependent on 
astrogliosis, could be protective in HD. Thus, we cross-mated pGFAP-BDNF mice with R6/2 mice to generate a 
double-mutant mouse with mutant huntingtin protein and with a conditional over-expression of BDNF, only under 
pathological conditions. In these R6/2:pGFAP-BDNF animals, the decrease in striatal BDNF levels induced by mutant 
huntingtin was prevented in comparison to R6/2 animals at 12 weeks of age. The recovery of the neurotrophin 
levels in R6/2:pGFAP-BDNF mice correlated with an improvement in several motor coordination tasks and with a 
significant delay in anxiety and clasping alterations. Therefore, we next examined a possible improvement in 
cortico-striatal connectivity in R62:pGFAP-BDNF mice. Interestingly, we found that the over-expression of BDNF 
prevented the decrease of cortico-striatal presynaptic (VGLUT1) and postsynaptic (PSD-95) markers in the R6/2: 
pGFAP-BDNF striatum. Electrophysiological studies also showed that basal synaptic transmission and synaptic 
fatigue both improved in R6/2:pGAP-BDNF mice. 

Conclusions: These results indicate that the conditional administration of BDNF under the GFAP promoter could 
become a therapeutic strategy for HD due to its positive effects on synaptic plasticity. 
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Background 

Huntington's disease (HD) is an inherited neurodegen- 
erative disorder, which results from the expansion of a 
CAG trinucleotide repeat in the huntingtin (htt) gene 
[1,2]. Mutant htt (mhtt) causes cortical atrophy and the 
preferential death of medium-sized spiny neurons in the 
striatum. The demise of these neurons causes motor 
and cognitive dysfunction [3]. In exon-1 and full-length 
mouse models of HD, a progressive decline in cortico- 
striatal synaptic function that correlates with the pathol- 
ogy has been described [4,5]. Thus, molecules regulating 
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cortico-striatal connectivity would be extremely relevant 
to HD therapy perspectives. 

Brain-Derived Neurotrophic Factor (BDNF) is an 
important neuroprotective factor for the preservation of 
medium-sized spiny neurons in the striatum [6]. How- 
ever, the trophic support of striatal neurons is provided 
by cortical afferents [7,8]. A reduction in BDNF levels 
has been described in HD patients [9,10] and similar 
results have been found in several animal models 
[11-17]. Furthermore, the transport and function of 
BDNF are also disrupted in HD [18,19]. Thus, as one 
pathogenic mechanism leading to dysfunction and loss 
of striatal neurons in HD might be the reduction in 
BDNF levels, its administration should improve these 
alterations [20-22]. In fact, BDNF is a strong candidate 
for neuroprotective therapies, as it has been tested in 
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acute [23,24] and in transgenic mouse models [12,25] of 
HD. However, the main challenge is to find the way to 
administer BDNF chronically and conditionally to the 
target neurons [22,26-28]. 

We previously demonstrated in an excitotoxic model 
of HD that transgenic astrocytes engineered to over- 
express BDNF under the control of the GFAP promoter, 
when grafted in wt mice, release higher levels of BDNF 
than control astrocytes [23]. This enhanced release of 
BDNF protects striatal neurons. Here we tested whether 
conditional and pathology-dependent delivery of BDNF 
could be neuroprotective in a transgenic mouse model 
of HD. We cross-mated R6/2 [29] with pGFAP-BDNF 
mice [23] to obtain double-mutant animals: R6/2: 
pGFAP-BDNF. Our results show that BDNF over- 
expression from striatal astrocytes improved HD pheno- 
type by preventing cortico-striatal synaptic dysfunction. 

Results 

GFAP up-regulation increases BDNF levels in the striatum 
of R6/2:pGFAP-BDNF mice 

In this study, we crossed mice that over-express BDNF 
under the control of the GFAP promoter (pGFAP- 
BDNF) [23] with the HD mouse model R6/2 [29]. With 
this procedure we obtained double-mutant R6/2: 
pGFAP-BDNF mice, which would express BDNF 
depending on the degree of astrogliosis. 

First, we checked whether 12-week-old R6/2 and R6/2: 
pGFAP-BDNF mice displayed astrogliosis by performing 
immunohistochemistry against GFAP. The results 
showed clear astroglial reactivity in the striatum of HD 
mouse models (Figure 1A). Accordingly, quantification 
by Western blot showed a significantly equal increase of 
striatal GFAP in R6/2 and R6/2:pGFAP-BDNF mice 
(Figure IB). As previously observed in the excitotoxic 
model [23], this neuropathological hallmark induced an 
up-regulation of the pGFAP-BDNF transgene activity 
only in R6/2:pGFAP-BDNF mice, which correlates with 
significantly higher striatal BDNF levels than in R6/2 
mice (Figure 1C). These results validated our model 
because although both, R6/2 and R6/2:pGFAP-BDNF 
mice displayed equal levels of striatal GFAP, the pre- 
sence of the pGFAP-BDNF transgene only in the R6/2: 
pGFAP-BDNF mice prompted an increase and recovery 
of striatal BDNF levels in these mice relative to R6/2 
mice who lacked the pGFAP-BDNF transgene. 

R6/2:pGFAP-BDNF mice show improvements in motor 
coordination 

We next evaluated motor coordination in wt, pGFAP- 
BDNF, R6/2 and R6/2:pGFAP-BDNF mice using the 
rotarod test. Disturbed motor coordination was observed 
in R6/2, compared to wt and pGFAP-BDNF mice at 9- 
10 weeks of age, at 16 rpm (Figure 2A) and 24 rpm 
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Figure 1 Astrogliosis caused by the presence of mutant 
huntingtin induces preservation of striatal BDNF protein levels 
in R6/2:pGFAP-BDNF mice. Striatal GFAP immuno-reactivity in 12- 
week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice (A). 
The levels of GFAP (B) and mature BDNF (C) were analyzed by 
Western blot of protein extracts obtained from striata of 12-week 
old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. 
Representative immunoblots are also shown (B-C). Note loading 
control is different in each blot due to the huge difference on 
molecular weight of GFAP and mature BDNF and different blot 
characteristics. Values are expressed as mean ± s.e.m. Data were 
analyzed by one-way ANOVA: * p < 0.05 and *** p < 0.001, 
compared with the wt genotype; $ p < 0.05 and $$$ p < 0.001, 
compared with the pGFAP-BDNF genotype; and # p < 0.05, 
compared with the R6/2 genotype (n = 7-12/genotype). Scale bar 
50 Mm. 



(Figure 2B) and steadily worsened up to 12 weeks of age 
(Figure 2A-B). However, motor coordination deficits in 
R6/2:pGFAP-BDNF mice advanced with significantly 
less severity than in R6/2 mice (Figure 2A-B). 

To further confirm better motor coordination in R6/2: 
pGFAP-BDNF than in R6/2 mice, we also evaluated 
their performance on the balance beam. The test with 
the balance beam was performed at 7, 10 and 12 weeks 
of age. The distance covered was the parameter used to 
check motor coordination. The results showed that per- 
formance was strongly affected in both R6/2 and R6/2: 
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Figure 2 Preservation of striatal BDNF levels in R6/2:pGFAP-BDNF mice is associated with an improvement of their motor 
performance over R6/2 mice. Motor coordination and balance were analyzed by performing the rotarod task at 16 (A) and 24 (B) rpm in 9-, 

10-, 11- and 12-week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. Motor coordination and balance were further assessed by the 
balance beam test at 7, 10 and 12 weeks of age (C). Ataxia and gait abnormalities were assessed by the footprint test, analyzing front paw 
length (D) and paw overlap (E) at 7, 10 and 12 weeks of age in wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. Values are expressed as 
mean ± s.e.m. Data were analyzed by one-way ANOVA at different stages of the disease's progression in the case of the footprint and the 
balance beam tests because different cohorts of animals were used. In the case of the rotarod task, two-way ANOVA with repeated measures 
was performed. For clarity, in A and B only statistical comparisons between R6/2 and R6/2:pGFAP-BDNF mice are depicted. * p < 0.05, ** p < 
0.01 and *** p < 0.001, as compared to wt mice; $ p < 0.05, $$ p < 0.01 and $$$ p < 0.001, as compared to pGFAP-BDNF mice; and # p < 0.05 
and ## p < 0.01, as compared to R6/2 mice (n = 10-12/genotype). 



Giralt et al. Molecular Neurodegeneration 201 1, 6:71 
http://www.molecularneurodegeneration.eom/content/6/1/71 



Page 4 of 16 



pGFAP-BDNF mice from 7 weeks of age (Figure 2C), 
before any overt phenotype is detectable. Interestingly, 
these alterations worsened in R6/2 but not in R6/2: 
pGFAP-BDNF mice, resulting in a significantly higher 
ability to cross the beam of R6/2:pGFAP-BDNF mice 
than of R6/2 mice at 12 weeks of age (Figure 2C). 

Ataxia and gait abnormalities were evaluated by the 
footprint test. We found that both R6/2 and R6/2: 
pGFAP-BDNF mice displayed significant abnormalities 
in their front paw length (Figure 2D) and paw overlap 
(Figure 2E), when compared with their controls. Front 
paw length was significantly shorter in both R6/2 and 
R6/2:pGFAP-BDNF mice from 7 weeks of age, when 
loss of body weight was not yet evident (Figure 3A). No 
significant differences were observed between R6/2 and 
R6/2:pGFAP-BDNF mice (Figure 2D). On the other 
hand, paw overlap was significantly higher at 12 weeks 
of age in both R6/2 and R6/2:pGFAP-BDNF mice than 
in wt and pGFAP-BDNF mice (Figure 2E). In conclu- 
sion, the footprint test showed that gait and ataxia 
abnormalities were disturbed equally in R6/2 and R6/2: 
pGFAP-BDNF mice. 

The onset of the clasping reflex is ameliorated in R6/2: 
pGFAP-BDNF mice 

Next, we studied additional phenotype alterations char- 
acteristic of R6/2 mice, such as loss of body weight and 
muscular strength and the development of the clasping 
reflex. Both R6/2 and R6/2:pGFAP-BDNF mice devel- 
oped a normal body weight increase, compared with wt 
and pGFAP-BDNF mice, up to 10 weeks of age (Figure 
3A). However, at this age R6/2 and R6/2:pGFAP-BDNF 
mice stopped gaining body weight; and at 11 weeks of 
age, both began to lose weight, with no significant dif- 
ferences between them (Figure 3A). Muscular strength 
was evaluated by the hiring wire test. This test showed 
that the muscular strength of R6/2 and R6/2:pGFAP- 
BDNF mice is normal, compared with wt and pGFAP- 
BDNF mice, up to 12 weeks of age, when both groups 
showed disorders in this parameter, as shown by a sig- 
nificant increase in falls from the grid (Figure 3B). On 
the other hand, both R6/2 and R6/2:pGFAP-BDNF mice 
steadily increased their clasping behavior (Figure 3C). 
However, R6/2 mice showed an early onset (8 weeks of 
age) of clasping behavior, whereas R6/2:pGFAP-BDNF 
mice started at 11 weeks of age (Figure 3C), suggesting 
significant delay of the associated neuronal dysfunction. 

Anxiety alterations are delayed in R6/2:pGFAP-BDNF mice 

To further characterize the behavioral phenotype 
improvements in R6/2:pGFAP-BDNF mice, compared to 
R6/2 mice, we also used the plus maze and the open 
field paradigms, which mainly check anxiety levels and 
spontaneous locomotor activity, respectively (see 
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Figure 3 The transgene pGFAP-BDNF delays clasping reflex 
alterations in R6/2 mice. Body weights (A) of wt, pGFAP-BDNF, 
R6/2 and R6/2:pGFAP-BDNF mice were monitored weekly from 5 to 
13 weeks of age. Muscular strength (B) was measured at 7, 10 and 
12 weeks of age by the hiring wire test. Clasping level (C) was 
assessed weekly from 7 to 13 weeks of age. Values are expressed as 
mean ± s.e.m. Data were analyzed by two-way ANOVA with 
repeated measurements for body weight and muscular strength. 
Clasping level was measured by the U Mann-Whitney test. * p < 
0.05, ** p < 0.01 and *** p < 0.001, as compared to wt mice; $ p < 
0.05, $$ p < 0.01 and $$$ p < 0.001, as compared to pGFAP-BDNF 
mice; and # p < 0.05, as compared to R6/2:pGFAP-BDNF mice (n = 
10-12/genotype). 
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Methods). The results obtained in the plus maze indi- 
cated that at all ages analyzed (7, 10 and 12 weeks of 
age) R6/2 mice spent significantly more time in the 
open arms than wt and pGFAP-BDNF mice did (Figure 
4A). This result suggests aberrant, decreased anxiety 
levels, as described elsewhere for these mice [30]. On 
the other hand, R6/2:pGFAP-BDNF mice showed a sig- 
nificant delay in the appearance of these alterations, 
which was not significant relative to wt mice until 12 
weeks of age (Figure 4A). Thus, R6/2:pGFAP-BDNF 
mice showed an improvement in anxiety-like disorders. 



To study the locomotor activity and exploration levels, 
we also performed the open field test. As previously 
described in HD mouse models [31,32], R6/2 and R6/2: 
pGFAP-BDNF mice showed a progressive decrease in 
spontaneous locomotor and exploratory activity in the 
open field, which reach significance relative to wt and 
pGFAP-BDNF mice at 12 weeks of age (Figure 4B). 
However, this significant trend to hypoactivity was 
equally developed in both R6/2 and R6/2:pGFAP-BDNF 
mice. These results suggest that less anxiety-like beha- 
vior in the plus maze shown by HD transgenic animals 
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Figure 4 The transgene pGFAP-BDNF delays the onset of anxiety disturbances in R6/2 mice. The plus maze paradigm (A) was used to 
evaluate anxiety levels at 7, 10 and 12 weeks of age in wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. The percentage of time spent on the 
open arms was monitored. The open field paradigm (B) was performed to check spontaneous locomotor and exploratory activities at 7, 10 and 
12 weeks of age in wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice by recording the distance covered during 10 min. Values are expressed 
as mean ± s.e.m. Data were analyzed by one-way ANOVA because different cohorts of animals were used for the different stages of the disease's 
progression. * p < 0.05 and ** p < 0.01, as compared to wt mice; $ p < 0.05 and $$ p < 0.01, as compared to pGFAP-BDNF mice (n = 8-12/ 
genotype). 
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is unlikely to be caused by higher exploratory activity. 
Furthermore, the results indicate that the normalization 
of anxiety levels observed in R6/2:pGFAP-BDNF mice is 
not prompted by simple recovery of spontaneous loco- 
motor activity. 

Loss of striatal volume and soma size of calbindin 
neurons and nuclear inclusions formation are ameliorated 
in R6/2:pGFAP-BDNF mice 

As R6/2:pGFAP-BDNF mice showed greater preserva- 
tion of their striatal-dependent motor coordination than 
R6/2 mice did, we next evaluated whether striatal neu- 
ropathology correlated with these behavioral results. 
First, although the pGFAP-BDNF transgene was 
expressed in the whole brain in R6/2:pGFAP-BDNF 
mice, this expression pattern was not enough to recover 
the reduction of total brain weight induced by mutant 
huntingtin (in grams; wt: 0.463 ± 0.013; pGFAP-BDNF: 
0.455 ± 0.005; R6/2: 0.396 ± 0.014; R6/2:pGFAP-BDNF: 
0.397 ± 0.020; p value < 0.05 for R6/2 and R6/2:pGFAP- 
BDNF mice compared with wt and pGFAP-BDNF 
mice). In contrast, stereological estimation of the striatal 
volume revealed that R6/2:pGFAP-BDNF mice have lar- 
ger striata than R6/2 mice did (Figure 5A). Next we 
checked whether the striatal volume preservation found 
in R6/2:pGFAP-BDNF mice was due to greater survival 
of striatal projection neurons. Stereological counting of 
the calbindin-positive projection neurons in all groups 
indicated that both R6/2 and R6/2:pGFAP-BDNF mice 
have a similar significant decrease in the number of 
these neurons, in comparison with wt and pGFAP- 
BDNF mice (Figure 5B). However, when we measured 
the soma volume of calbindin-positive neurons, we 
found a significant volume improvement in R6/2: 
pGFAP-BDNF over R6/2 mice (Figure 5C). Finally, we 
wanted to check the number of Nuclear Inclusions 
(Nils) in the striatum from our mouse models (Figure 
5D). We observed that density of Nils were lower in 
R6/2:pGFAP-BDNF relative to R6/2 mice striata (Figure 
5D). 

Effect of BDNF over-expression on levels of DARPP-32 
and enkephalin in the R6/2:pGFAP-BDNF striatum 

Enkephalin protein levels fall strongly in human HD 
brains and in mouse models [3,25,33,34]. Therefore, we 
used a specific antibody for Western blot that recog- 
nizes two enkephalin-positive bands at -30 kDa [35] as 
previously described [36]. Our results show that R6/2: 
pGFAP-BDNF mice showed significant improvement in 
striatal enkephalin protein levels, compared with R6/2 
mice (Figure 6A). To analyze the biochemical improve- 
ments in the striatum of R6/2:pGFAP-BDNF mice 
further, DARPP-32 protein levels were also analyzed in 
the striata from all genotypes (Figure 6B). DARPP-32 



protein levels were significantly higher in R6/2:pGFAP- 
BDNF mice than in R6/2 ones (Figure 6B). 

Cortico-striatal synapses are preserved in R6/2:pGFAP- 
BDNF mice 

As we found a preservation of the volume of striatal 
projection neurons in R6/2:pGFAP-BDNF mice, but not 
of their number, in comparison with R6/2 animals, we 
hypothesized that mainly subtle micro-structural 
changes were involved in R6/2:pGFAP-BDNF mouse 
phenotype improvements. Thus, we additionally tested 
the state of cortico-striatal connectivity by counting 
VGLUT1- and PSD-95-positive particle densities in the 
striatum of wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP- 
BDNF 12-week-old mice. 

Confocal image analysis of coronal sections at 12 
weeks of age showed that only R6/2 mice had a signifi- 
cant decrease in striatal VGLUT1- (Figure 7A) and 
PSD-95-positive (Figure 7B) particle density, in compari- 
son with wt mice. However, R6/2:pGFAP-BDNF mice 
displayed highly intact striatal VGLUT1- and PSD-95- 
positive particle density, compared with wt mice (Figure 
7). These results suggest that both excitatory terminals 
(VGLUT1) and dendritic spines (PSD-95) are preserved 
in R6/2:pGFAP-BDNF mice. Moreover, these results are 
in line with the volume preservation of the whole stria- 
tum and striatal calbindin-positive neurons in R6/2: 
pGFAP-BDNF mice, compared with R6/2 ones. 

Intact cortico-striatal synaptic transmission and resistance 
to synaptic fatigue in R6/2:pGFAP-BDNF mice 

Due to the improvement in the number of synaptic par- 
ticles in R6/2:pGFAP-BDNF mice over R6/2 mice, we 
next examined glutamatergic synaptic transmission in 
the different groups. We made extracellular recordings 
of field potentials in acute cortico-striatal brain slices. 
As described in previous studies, single-pulse stimula- 
tion of striatal slices elicited a characteristic response 
with different components [37-39]. One of these compo- 
nents, the population spike (PS), reflects excitatory 
monosynaptic transmission in a population of striatal 
neurons due to endogenous glutamate release upon 
electrical stimulation of glutamate-containing fibers. 
This component is mediated by activation of a-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
glutamate receptors [38]. First, we analyzed basal synap- 
tic transmission by applying isolated stimuli of increas- 
ing intensity. Extracellular field recordings showed that 
R6/2 mice tended to exhibit decreased PS responses, 
which were statistically significant at high stimulus 
strengths (Figure 8 A; V = 10 V, p < 0.01). Interestingly, 
the amplitude of R6/2:pGFAP-BDNF PS responses was 
not significantly different from PS response in wt or 
pGFAP-BDNF mice (Figure 8A), indicating that the 
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Figure 5 Striatal neuropathology is improved in R6/2:pGFAP-BDNF mice compared to R6/2 mice. Striatal volume (A) was stereologically 
measured in 1 2-week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. A representative microphotograph of coronal sections 
immunostained for calbindin is depicted (A). The number of calbindin-positive projecting neurons (B) was stereologically counted in all groups. 
The soma volume of calbindin-positive projecting neurons (C) was stereologically calculated in all genotypes by the nucleator method. Density 
of EM48-positive Nuclear Inclusions (Nils) were stereologically counted in R6/2 and R6/2:pGFAP-BDNF mice (D). Values are expressed as mean ± 
s.e.m. Data were analyzed by one-way ANOVA or unpaired t-test. * p < 0.05 and ** p < 0.01, as compared to wt mice; # p < 0.05, as compared 
to R6/2 mice (n = 5-6/genotpye). Scale bar (A) 1 mm and (D) 10 urn. 
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Figure 6 The down-regulation of DARPP-32 and enkephalin 
protein levels in R6/2 mice is improved in R6/2:pGFAP-BDNF 
mice. The levels of enkephalin (A) and DARPP-32 (B) were analyzed 
by Western blot of protein extracts obtained from striatum of 12- 
week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. 
Representative immunoblots are shown. Values are expressed as 
mean ± s.e.m. Data were analyzed by one-way ANOVA. ** p < 0.01 
and *** p < 0.001, as compared to wt mice; $ p < 0.05, $$ p < 0.01 
and $$$ p < 0.001, as compared to pGFAP-BDNF mice; and # p < 
0.05, as compared to R6/2 mice (n = 7-12/genotype). 



efficacy of excitatory synaptic inputs is greater in R6/2: 
pGFAP-BDNF mice. Since mhtt has been shown to 
impair synaptic transmission in the cortico-striatal path- 
way [40,41], we next examined synaptic fatigue by 
means of PS recordings evoked by a four-stimulus train 
(100 Hz). After the second stimulus in the train, the PS 
response was significantly smaller in R6/2 slices than in 
wt slices (Figure 8B, p < 0.05). Interestingly, the PS 
response in pGFAP-BDNF and R6/2:pGFAP-BDNF mice 
was significantly greater than in wt and R6/2 mice (Fig- 
ure 8B), indicating that R6/2:pGFAP-BDNF mice were 
more resistant to synaptic fatigue. 

We next investigated cortico-striatal synaptic plasticity 
by inducing LTP by high-frequency conditioning tetanus 
(see Methods). Baseline responses were monitored for 
10-30 min before conditioning and were found to be 
stable. Tetanus conditioning revealed a marked differ- 
ence in the ability of transgenic HD mice to support 
LTP, with strengthening of PS significantly low in R6/2 
and R6/2:pGFAP-BDNF mice, whereas wt and pGFAP- 
BDNF mice had a significant PS response (Figure 8C, p 
< 0.001). 

Discussion 

Here we demonstrate that conditional BDNF production 
and release from astrocytes is a safe and neuroprotective 
method to improve the R6/2 mice phenotype. Double- 
mutant R6/2:pGFAP-BDNF mice show improvements in 
striatal-dependent behavior, anxiety alterations and 
clasping levels, compared with R6/2 mice. In support of 
this, R6/2:pGFAP-BDNF mice show associated signifi- 
cant preservation of neuronal architecture, which corre- 
lates with improved cortico-striatal connectivity. 

The neurotrophin BDNF has been widely put forward 
as a possible therapeutic molecule for HD treatment 
[20,22]. However, the key challenge in the field of 
growth factor therapy is drug delivery to the central ner- 
vous system. Another important consideration in the 
design of growth factor therapies for neurodegenerative 
disorders is the need for extended periods of treatment 
[42]. To date, there are no successful systems for deli- 
vering BDNF, because it does not cross the blood-brain 
barrier via peripheral administration [43,44]. On the 
other hand, approaches such as infection/lipotransfec- 
tion and cell therapy are still inaccessible because of 
their collateral toxicity effects and the likelihood of their 
inducing aberrant proliferations, respectively. In addi- 
tion, they are invasive procedures [27,45]. 

Both R6/2 mice [46-48] and HD human patients [49] 
show a striatal increase in astrogliosis reactivity with an 
associated up-regulation of GFAP levels. In the present 
study, we took advantage of striatal astrogliosis and the 
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Figure 7 Preservation of cortico-striatal connectivity in R6/2:pGFAP-BDNF mice. Immunohistochemical staining against the pre-synaptic 
marker VGLUT1 (A) and the post-synaptic marker PSD-95 (B) was performed in 12-week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice. 
The images were taken by confocal microscopy. VGLUT1- (A) and PSD-95- (B) positive particles were counted by the ImageJ software and 
represented in a graph as density of particles/field. Values are expressed as mean ± s.e.m. Data were analyzed by one-way ANOVA. * p < 0.05 
and ** p < 0.01 as compared to wt mice; $ p < 0.05 and $$ p < 0.01 as compared to pGFAP-BDNF mice; # p < 0.05 as compared to R6/2 mice 
(n = 4/group). Scale bar 15 urn. 
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Figure 8 The transgene pGFAP-BDNF counteracts synaptic 
fatigue in cortico-striatal connections. Population spike (PS) 
amplitudes for a given range of stimulus intensities are shown from 
12-week-old wt, pGFAP-BDNF, R6/2 and R6/2:pGFAP-BDNF mice (A). 
Synaptic fatigue using PS recordings was evoked by a four-stimulus 
train at 100 Hz (B). The PS response at the fourth initial stimulus was 
calculated as the percentage of the first PS amplitude. Long-term 
potentiation (LTP) was induced by high-frequency conditioning 
tetanus (C). Values are expressed as mean ± s.e.m except for C, 
where error bars are deleted for greater clarity. ** p < 0.01 and *** 
p < 0.001, for 100% control; # p < 0.05 and ## p < 0.01 for R6/2 
mice (n = 8 slices/genotype (at least 3 animals in each case)). 



consequent up-regulation of GFAP promoter activity in 
R6/2 mice to produce and release BDNF physiologically. 
We accomplished this aim by crossing R6/2 mice with 
pGFAP-BDNF mice and obtaining double-mutant mice 
(R6/2:pGFAP-BDNF). The transgene works in a condi- 
tional fashion because it depends on the presence of 
astrogliosis, since pGFAP-BDNF mice did not show any 
increase in striatal BDNF levels compared with wt mice. 
Therefore, the increase in striatal BDNF in R6/2: 
pGFAP-BDNF mice, in comparison with R6/2 mice, was 
due to a conditional release, with auto-regulated 
mechanisms and only when it is pathologically required. 

In this model, astrogliosis enables striatal BDNF 
expression to be significantly restored to close to control 
levels. Previous studies employed a Bdnf transgene dri- 
ven by the promoter for the alpha subunit of Ca 2+ /cal- 
modulin-dependent kinase II to over-express BDNF in 
the forebrain of R6/1 [12] and YAC128 [34] mice, show- 
ing high over-expression of BDNF that slowed the pro- 
gression of the disease. Intriguingly, the beneficial 
effects observed in the present study are very similar to 
those described in these studies. Therefore, in an HD 
context, a small increase in BDNF levels is enough to 
provide a significant symptomatic improvement, which 
demonstrates the high relevance of this neurotrophin in 
the pathophysiology of the disease. This emphasizes the 
need to control the amount of BDNF delivered, since 
excessive chronic production and delivery of the neuro- 
trophin to the brain may induce neuronal dysfunction 
and toxicity [50,51]. 

The behavioral characterization of R6/2:pGFAP-BDNF 
mice showed that the dysfunctions in motor coordina- 
tion, evaluated by the rotarod and the balance beam 
tests, were delayed and improved, suggesting that the 
preservation of striatal BDNF levels had a strong posi- 
tive effect on these mice. These results provide further 
support for the importance of BDNF in motor coordina- 
tion function [52] and specifically of the striatum-depen- 
dent component [7]. Intriguingly, we did not find any 
changes in gait and locomotor deficits when mice per- 
formed the footprint and open field tests, which indi- 
cated that the improved striatal BDNF levels in R6/2: 
pGFAP-BDNF mice were not enough to ameliorate 
these symptoms. On the other hand, not only was 
motor coordination enhanced in R6/2:pGFAP-BDNF, 
but other neurological alterations typical of R6/2 mice 
were also improved, such as anxiety disturbances and 
the clasping reflex [29,30]. The improvement in anxiety 
alterations corroborated previous studies showing that 
one molecular mechanism able to modulate these pro- 
cesses was BDNF [53,54]. On the other hand, these 
results do not rule out possible functional improvements 
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in other brain regions involved in the regulation of anxi- 
ety, such as the limbic-medial prefrontal circuit or the 
amygdala [55], in R6/2:pGFAP-BDNF mice and point to 
the need for further studies on this possibility. 

Our data support the idea that neural dysfunction is a 
critical and early point in the pathophysiology of HD 
[56,57]. We found that the loss of soma volume in R6/2 
projection neurons [40,58] improved in R6/2:pGFAP- 
BDNF mice. Interestingly, we also detected an ameliora- 
tion of striatal Nils density in R6/2:pGFAP-BDNF mice 
which is in accordance with their improved cellular phe- 
notype. Moreover, the density of glutamatergic cortical 
terminals (VGLUTl-positive) and dendritic spines (PSD- 
95-positive) in the striatum were both down-regulated 
in R6/2 striata, but preserved in R6/2:pGFAP-BDNF 
striata. These positive changes in synaptic markers and 
neuronal soma volume correlated with an absence of 
basal synaptic transmission dysfunction and a greater 
resistance to synaptic fatigue in R6/2:pGFAP-BDNF 
mice than in R6/2 mice. Intriguingly, pGFAP-BDNF 
mice showed a significant increase in synaptic fatigue 
relative to wt mice. This result suggests a subtle increase 
on BDNF levels in those mice which we were unable to 
detect. On the other hand, our results corroborate pre- 
vious studies showing that BDNF application increases 
glutamatergic currents [59] and the number of dendritic 
spines [15,60]. However, cortico-striatal LTP alterations 
did not improve in R6/2:pGFAP-BDNF mice. Although 
striatal BDNF levels were higher in R6/2:pGFAP-BDNF 
mice than in R6/2, they did not reach wt levels. This 
result could explain the lack of improvement in LTP 
expression in cortico-striatal slices from R6/2:pGFAP- 
BDNF mice. In fact, Simmons and others showed that 
there was a reversal of the impairment in hippocampal 
LTP in knock-in mice when levels of BDNF were com- 
pletely recovered [61]. These findings confirm the need 
for complete integrity in the BDNF pathway in order to 
regulate cortico-striatal LTP [62]. 

The finding that BDNF released from transgenic astro- 
cytes in R6/2:pGFAP-BDNF mice improves and regu- 
lates their striatal-dependent behavior and synaptic 
transmission corroborates the recent hypothesis that 
astrocytes are involved in neuro-plasticity phenomena 
such as the regulation and strengthening of neurosignals 
and connectivity of neuronal networks, some of which 
are likely to be involved in cognitive functions at least 
[63-65]. Thus, it is important to highlight that our 
results suggest that astrocytes could modulate some of 
these plasticity processes via production and delivery of 
BDNF, probably into the excitatory synapse. This is pos- 
sible since astrocytes are capable, though at low levels, 
of producing and releasing BDNF per se [23,66,67] and 
send very fine projections to the excitatory synapses in 
order to strengthen them [68]. Thus, our results suggest 



a possible role for BDNF released from astrocytes in the 
regulation of basal synaptic transmission and synaptic 
fatigue in excitatory cortico-striatal synapses. 

In the present study we wanted to administer BDNF 
non-invasively using a genetic approach. However, other 
non-invasively strategies have been reported to increase 
BDNF in the HD brains such as drug administration 
[61,69,70]. Thus, combination therapy with the pGFAP- 
BDNF construct and administration of a drug such as 
ampakines [69] could be crucial to fully recover the HD 
phenotype. 

Finally, it should also be noted that other neurodegen- 
erative diseases are associated with reactive astrogliosis 
and the consequent up-regulation of GFAP gene activ- 
ity. Along these lines, pathologies such as Alzheimer's 
disease [71,72], Parkinson's disease [73,74] and amyo- 
trophic lateral sclerosis [75] show increased astrogliosis 
reactivity with a consequent up-regulation of GFAP 
levels. It would be highly relevant to test whether the 
pGFAP-BDNF transgene might benefit these diseases. 
This statement takes relevance since BDNF delivery in a 
transgenic AD mouse model prevents loss of glutama- 
tergic synapses and improves cognition [76]. In conclu- 
sion, conditional BDNF delivery regulated by the GFAP 
promoter in astrocytes could well be a therapeutic strat- 
egy for treatment of HD and other neurodegenerative 
diseases. 

Methods 

Animal handling and care 

To obtain double-mutant animals (R6/2:pGFAP-BDNF 
mice) we cross-mated male R6/2 mice [29] with female 
pGFAP-BDNF mice [23]. Both R6/2 and pGFAP-BDNF 
mice were obtained from distinct colonies bred in a 
B6CBA background strain. Wild type (wt) littermate 
animals were used as the control group. Mice were 
housed together in numerical birth order in groups of 
mixed genotypes with access to food and water ad libi- 
tum in a colony room kept at constant temperature (19- 
22°C) and humidity (40-50%) on a 12 h light/dark cycle. 
All experiments used male mice, blind-coded for geno- 
type. Data were recorded for analysis by microchip 
mouse number. All animal-related procedures were in 
accordance with the European Community guidelines 
for the care and use of laboratory animals (89/609// 
EEC) and were approved by the local animal care com- 
mittee of the University of Barcelona (99/01) and Gen- 
eralitat de Catalunya (99/1094). 

Rota rod 

Motor coordination and balance were evaluated on the 
rotarod apparatus at distinct rotations per minute (rpm), 
as described elsewhere [25]. In brief, animals at 5 weeks 
of age were trained at constant speed (24 rpm) for 60 
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sec. We performed two trials per day for three consecu- 
tive days; and the latency to fall and the number of falls 
during 60 sec was recorded. No differences between 
groups were detected at this period. After training and 
starting at 7 weeks of age, animals were evaluated once 
a week at 16 and 24 rpm, and the number of falls in a 
total of 60 sec was recorded. The animals were put on 
the rotarod several times until the addition of the 
latency to fall off reached a total of 60 sec. The curves 
representing the behavioral pattern were compared and 
the percentage of motor coordination function impair- 
ment was calculated as described elsewhere [77]. 

Balance beam 

The motor coordination and balance of mice were also 
assessed by measuring their ability to traverse a narrow 
beam [25]. The beam consisted of a long steel cylinder 
(50 cm) with a 50 mm-square cross-section and a 15 
mm-round diameter. The beam was placed horizontally, 
50 cm above the bench surface, with each end mounted 
on a narrow support. Animals were allowed to walk for 
1 min along the beam, while their latency to fall, num- 
ber of falls and distance covered were measured. 

Footprint 

The footprint test was performed as described elsewhere 
[25]. Mice were trained to walk in a corridor that was 
50 cm long and 7 cm wide. The forefeet and hindfeet of 
the mice were painted with non-toxic red and blue ink, 
respectively, and then given one run. The footprint pat- 
tern was analyzed for the number of steps on the white 
paper, the stride length was measured as the average 
distance of forward movement between each stride, and 
the forebase and hindbase widths were measured as the 
perpendicular distance between the left and right foot- 
prints of a given step. 

Hanging wire 

Neuromuscular abnormalities were analyzed by the hir- 
ing wire test as described elsewhere [25,78] in 7-, 10- 
and 12-week old wt, pGFAP-BDNF, R6/2 and R6/2: 
pGFAP-BDNF mice. A standard wire cage lid was used. 
To test balance and grip strength, mice were placed on 
top of a wire cage lid. The lid was shaken slightly to 
cause the mouse to grip the wires and then turned 
upside down for 60 sec. The number of falls of each 
mouse was recorded. 

Clasping 

Clasping was measured by suspending mice from their 
tails at least 1 foot above a surface for 1 min. A clasping 
event was defined by the retraction of either or both 
hindlimbs into the body and toward the midline. Mice 



were scored according to the following criteria: 0 = no 
clasping, 1 = clasping 2 paws, and 2 = clasping all paws. 

Plus Maze 

To analyze mouse anxiety, we used the plus maze para- 
digm. The apparatus used was similar to that described 
elsewhere [30]. Briefly, the raised plus maze was made 
of wood and consisted of two opposing 30 x 8 cm open 
arms, and two opposing 30 x 8 cm arms enclosed by 15 
cm-high walls. The maze was raised 50 cm from the 
floor and lit by dim light. Each mouse was placed in the 
central square of the raised plus maze, facing an open 
arm and its behavior was scored for 5 min. At the end 
of each trial, any defecation was removed and the appa- 
ratus was wiped with 70% alcohol. We recorded the 
time spent in the open arms, which normally correlates 
with low levels of anxiety. Animals were tracked and 
recorded with SMART junior software (Panlab, Spain). 

Open Field 

To check spontaneous locomotor activity we used the 
open field [79]. Briefly, the apparatus consisted of a 
white circular arena measuring 40 cm in diameter and 
40 cm in height. Dimly light intensity was 40 lux 
throughout the arena. Animals were placed on the arena 
center and allowed to explore freely for 10 min. Sponta- 
neous locomotor activity was measured. At the end of 
each trial, any defecation was removed and the appara- 
tus was wiped with 70% ethanol. Animals were tracked 
and recorded with SMART junior software (Panlab, 
Spain). 

Immunohistochemistry 

Animals were deeply anesthetized with pentobarbital (60 
mg/kg) and intracardially perfused with a 4% parafor- 
maldehyde solution in 0.1 M sodium phosphate, pH 7.2. 
Brains were removed and post-fixed for 2 h in the same 
solution, cryoprotected with 30% sucrose in phosphate 
buffered saline (PBS) with 0.02% sodium azide and fro- 
zen in dry-ice cooled isopentane. Serial coronal sections 
(40 fim) obtained with a cryostat were processed for 
free-floating immunohistochemistry. 

The sections were washed three times in PBS, permea- 
bilized and blocked for 15 min by shaking at room tem- 
perature with PBS containing 0.3% Triton X-100 and 3% 
normal goat serum (Pierce Biotechnology). After three 
washes, brain slices were incubated overnight by shaking 
at 4°C with the corresponding primary antibodies in PBS 
with 0.02% sodium azide buffer. Antibodies used were 
the anti-PSD-95 1:500 (Affinity BioReagents) and anti- 
VGLUT1 1:500 (Synaptic systems). After primary anti- 
body incubation, slices were washed three times and 
then incubated for 2 h shaking at room temperature 
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with subtype-specific fluorescent secondary antibodies: 
Cy3 goat anti-rabbit and Cy2 goat anti-mouse (both 
1:100; from Jackson ImmunoResearch). No signal was 
detected in controls incubated in the absence of the pri- 
mary antibody. Slight modifications were performed for 
VGLUT1 immunohistochemistry [80]. 

For diaminobenzidine immunohistochemistry experi- 
ments, endogenous peroxidases were blocked for 30-45 
min in PBS containing 10% methanol and 3% H 2 0 2 . 
Then, non-specific protein interactions were blocked 
with normal serum or bovine serum albumin. Tissue 
was incubated overnight at 4°C with the following pri- 
mary antibodies: anti-GFAP (1:500; Dako A/S), anti-cal- 
bindin (1:10000; Sigma Chemical Co.) and anti-EM48 
(1:500; Chemicon). Sections were washed three times in 
PBS and incubated with a biotinylated secondary anti- 
body (1:200; Pierce) at room temperature for 2 h. The 
immunohistochemical reaction was developed using the 
ABC kit (Pierce) and made visible with diaminobenzi- 
dine. No signal was detected in controls in which the 
primary antibodies had been omitted. 

Stereology 

Striatal volume estimations were performed as described 
elsewhere [25]. Unbiased blinded to genotype counting 
for genotype and condition was performed with Compu- 
ter-Assisted Stereology Toolbox (CAST) software 
(Olympus Danmark A/S). For estimating mean cellular/ 
perikaryal volumes of neurons (so-called local volumes) 
with design-based stereology, the "nucleator" method 
was used, as described elsewhere [81]. To determine 
neuronal and Nils sub-population densities (neurons or 
Nils per mm 3 ) in the striatum, we used the dissector 
counting procedure in coronal sections spaced 240 [im 
apart, as described elsewhere [82]. 

Confocal analysis and dendritic spine-like structures 
counting 

Fluorescently stained coronal sections were examined 
blinded to genotype by confocal microscopy, using a 
Leica TCS SL laser scanning confocal spectral micro- 
scope with argon and helium-neon lasers. Images were 
taken with a 63 x numerical aperture lens with 4x digital 
zoom and standard (one Airy disc) pinhole. For each 
mouse, at least 4 slices of 40 [im containing striatal tis- 
sue were analyzed. Between 4 and 6 representative 
images, from dorsomedial striatum, were obtained from 
each slice. For each image, the entire three-dimensional 
stack of images was obtained by the use of the Z drive 
present in the Leica TCS SL microscope, and the size of 
the optical image was 0.5 |im, with a separation of 4 \im 
between each one. The number of dendritic spine-like 
structures was counted by the freeware NIH ImageJ ver- 
sion 1.33 by Wayne Rasband (National Institutes of 



Health, Bethesda, MD), similar to described elsewhere 
[15]. 

Western blotting 

Mice (12 weeks old; n: 7-14 per genotype) were deeply 
anesthetized in a C02 chamber. The brain was quickly 
removed and the striatum was dissected, frozen in dry 
ice and stored at -80°C until use. Briefly, striatal tissue 
was sonicated in 250 Ml lysis buffer (PBS, 1% Nonidet 
P40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM 
PMSF, 10 mg/ml aprotinin, 1 mg/ml leupeptin, 2 mg/ml 
sodium orthovanadate) and centrifuged at 12,000 rpm 
for 20 min. Striatal proteins (15 |ig) were analyzed by 
7.5% SDS-polyacrylamide gel electrophoresis and trans- 
ferred to Immobilon-P membranes (Millipore). Gel blots 
were blocked in TBS-T (150 mM NaCl, 20 mM Tris- 
HC1 (pH 7.5), 0.05% Tween 20) with 5% non-fat dry 
milk and 5% bovine serum albumin. Immunoblots were 
probed with anti-DARPP-32 (1:1000; BD Biosciences), 
anti-GFAP (1:1000; Dako A/S), anti-BDNF (1:1000; 
Santa Cruz Biotechnology) and an affinity-purified rabbit 
anti-enkephalin applicable for Western blotting [35]. All 
blots were incubated with the primary antibody over- 
night at 4°C in PBS 0.02% sodium azide buffer with 
shaking. After several washes in TBS-T, blots were incu- 
bated with IgG HRP-conjugated anti-mouse or anti-rab- 
bit antibodies (Promega Biotechnology) and developed 
using the ECL Western blotting analysis system (Santa 
Cruz). Incubation with a monoclonal anti-P -tubulin 
antibody (1:50,000; Sigma Chemical Co.) was used as a 
loading control. 

Electrophysiology 

Transverse brain slices (450 (im thickness) were pre- 
pared from mice, using conventional methods [83], and 
incubated for more than 1 h at room temperature (21- 
24°C) in artificial cerebrospinal fluid (aCSF). The aCSF 
contained (in mM) 124 NaCl, 2.69 KC1, 1.25 KH 2 P0 4 , 2 
MgS0 4 , 26 NaHC0 3 , 2 CaCl 2 and 10 glucose, and was 
gassed with 95% 0 2 and 5% C0 2 . Brain slices containing 
both striatum and cortex were transferred to an immer- 
sion recording chamber and superfused (2.5 ml/min) 
with gassed aCSF warmed to 32-34°C. After 1 h of equi- 
libration, extracellular field potentials were recorded in 
the dorsomedial striatum by a glass microelectrode filled 
with 1 M NaCl solution on stimulation of the white 
matter between the cortex and the striatum with a bipo- 
lar tungsten electrode via a 2100 isolated pulse stimula- 
tor (A-M Systems, Inc.). Long-term potentiation (LTP) 
was induced by applying four 1 s, 100 Hz trains deliv- 
ered every 10 s, and potentiation was measured for 1 h 
after LTP induction at 0.1 Hz. For each experiment, 
population spike (PS) amplitude was expressed as a per- 
centage of average pre-tetanus baseline amplitude 
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values. Synaptic fatigue was induced by a train at 100 
Hz. Data were filtered (highpass, 0.1 Hz; lowpass 3 kHz) 
and digitized using a PowerLab 4/26 acquisition system 
(AD Instruments). The software Scope (AD Instru- 
ments) was used to display PS and measurements of the 
amplitude of PS. 

Statistical analysis 

All data are expressed as mean ± s.e.m. Different statis- 
tical analyses were performed as appropriate and are 
indicated in the figure legends. Values of p < 0.05 were 
considered statistically significant. 

Acknowledgements 

We thank Maria Teresa Muhoz and Ana Lopez for technical assistance, and 
Dra. Teresa Rodrigo Calduch and the staff of the animal care facility (Facultat 
de Psicologia, Universitat de Barcelona) for their help. We also thank Dra. 
Maria Calvo and Anna Bosch from the Confocal Microscopy Facility (Campus 
Casanova) of the Centre Cientific i Tecnologic (Universitat de Barcelona) for 
their support and advice with all confocal techniques. We also thank Dr. Eric 
W. Dickson (Department of Emergency Medicine, University of Iowa), for 
kindly providing the anti-ENK antibody. The current work was supported by 
grants from Ministerio de Ciencia e Innovacion (SAF2008-04360, J.A.; 
BFU2008-04196/BFI, E.D.M.), INCRECyT project (JCCM and PCYTA; E.D.M), and 
Institute de Salud Carlos III: CIBERNED and Red de Terapia Celular (RD06/ 
0010/0006). A.G. and O.C. were a fellow of Ministerio de Ciencia e 
Innovacion, Spain. 

Author details 

^epartament de Biologia CeMular, Immunologia i Neurociencies, Facultat de 
Medicina, Universitat de Barcelona, Barcelona, Spain. 2 lnstitut d'lnvestigacions 
Biomediques August Pi i Sunyer (IDIBAPS), Casanova 143, Barcelona, Spain. 
3 Centro de Investigacion Biomedica en Red sobre Enfermedades 
Neurodegenerativas (CIBERNED), Spain. 4 Laboratory of Neurophysiology and 
Synaptic Plasticity, Albacete Science and Technology Park (PCYTA). Institute 
for Research in Neurological Disabilities (IDINE), University of Castilla-La 
Mancha, Albacete, Spain. 

Authors' contributions 

AG and OC carried out the behavioral tests. AG performed morphological 
and biochemical studies. CLP and EDM carried out the electrophysiological 
experiments. JA designed the experiments and wrote the paper with 
assistance from all other authors. All authors read and approved the final 
manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 19 July 201 1 Accepted: 10 October 201 1 
Published: 10 October 2011 

References 

1. Andrew SE, Goldberg YP, Kremer B, Telenius H, Theilmann J, Adam S, 
Starr E, Squitieri F, Lin B, Kalchman MA: The relationship between 
trinucleotide (CAG) repeat length and clinical features of Huntington's 
disease. Not Genet 1 993, 4:398-403. 

2. Benitez J, Fernandez E, Garcia RP, Robledo M, Ayuso C, Garcia YJ: [The gene 
responsible for Huntington's disease in Spanish families: its diagnostic 
value and the relation between trinucleotide expansion and the clinical 
characteristics]. Rev Clin Esp 1994, 194:591-593. 

3. Reiner A, Albin RL, Anderson KD, D'Amato CJ, Penney JB, Young AB: 
Differential loss of striatal projection neurons in Huntington disease. 
Proc Natl Acad Sci USA 1 988, 85:5733-5737. 

4. Cepeda C, Hurst RS, Calvert CR, Hernandez-Echeagaray E, Nguyen OK, 
Jocoy E, Christian LJ, Ariano MA, Levine MS: Transient and progressive 



electrophysiological alterations in the corticostriatal pathway in a mouse 
model of Huntington's disease. J Neurosci 2003, 23:961-969. 

5. Joshi PR, Wu NP, Andre VM, Cummings DM, Cepeda C, Joyce JA, Carroll JB, 
Leavitt BR, Hayden MR, Levine MS, Bamford NS: Age-dependent alterations 
of corticostriatal activity in the YAC128 mouse model of Huntington 
disease. J Neurosci 2009, 29:2414-2427. 

6. Gavalda N, Perez-Navarro E, Gratacos E, Cornelia JX, Alberch J: Differential 
involvement of phosphatidylinositol 3-kinase and p42/p44 mitogen 
activated protein kinase pathways in brain-derived neurotrophic factor- 
induced trophic effects on cultured striatal neurons. Mol Cell Neurosci 
2004, 25:460-468. 

7. Baquet ZC, Gorski JA, Jones KR: Early striatal dendrite deficits followed by 
neuron loss with advanced age in the absence of anterograde cortical 
brain-derived neurotrophic factor. J Neurosci 2004, 24:4250-4258. 

8. Strand AD, Baquet ZC, Aragaki AK, Holmans P, Yang L, Cleren C, Beal MF, 
Jones L, Kooperberg C, Olson JM, Jones KR: Expression profiling of 
Huntington's disease models suggests that brain-derived neurotrophic 
factor depletion plays a major role in striatal degeneration. J Neurosci 
2007, 27:11758-11768. 

9. Ferrer I, Goutan E, Marin C, Rey MJ, Ribalta T: Brain-derived neurotrophic 
factor in Huntington disease. Brain Res 2000, 866:257-261. 

10. Zuccato C, Ciammola A, Rigamonti D, Leavitt BR, Goffredo D, Conti L, 
MacDonald ME, Friedlander RM, Silani V, Hayden MR, et al: Loss of 
huntingtin-mediated BDNF gene transcription in Huntington's disease. 
Science 2001, 293:493-498. 

11. Diekmann H, Anichtchik O, Fleming A, Futter M, Goldsmith P, Roach A, 
Rubinsztein DC: Decreased BDNF levels are a major contributor to the 
embryonic phenotype of huntingtin knockdown zebrafish. J Neurosci 
2009, 29:1343-1349. 

12. Gharami K, Xie Y, An JJ, Tonegawa S, Xu B: Brain-derived neurotrophic 
factor over-expression in the forebrain ameliorates Huntington's disease 
phenotypes in mice. J Neurochem 2008, 2:369-379. 

13. Gines S, Seong IS, Fossale E, Ivanova E, Trettel F, Gusella JF, Wheeler VC, 
Persichetti F, MacDonald ME: Specific progressive cAMP reduction 
implicates energy deficit in presymptomatic Huntington's disease knock- 
in mice. Hum Mol Genet 2003, 1 2:497-508. 

14. Giralt A, Rodrigo T, Martin ED, Gonzalez JR, Mila M, Cena V, Dierssen M, 
Canals JM, Alberch J: Brain-derived neurotrophic factor modulates the 
severity of cognitive alterations induced by mutant huntingtin: 
Involvement of phospholipaseCgamma activity and glutamate receptor 
expression. Neuroscience 2009, 158:1234-1250. 

15. Lynch G, Kramar EA, Rex CS, Jia Y, Chappas D, Gall CM, Simmons DA: Brain- 
derived neurotrophic factor restores synaptic plasticity in a knock-in 
mouse model of Huntington's disease. J Neurosci 2007, 27:4424-4434. 

16. Simmons DA, Mehta RA, Lauterborn JC, Gall CM, Lynch G: Brief ampakine 
treatments slow the progression of Huntington's disease phenotypes in 
R6/2 mice. Neurobiol Dis 201 1, 41:436-444. 

17. Spires TL, Grote HE, Varshney NK, Cordery PM, van DA, Blakemore C, 
Hannan AJ: Environmental enrichment rescues protein deficits in a 
mouse model of Huntington's disease, indicating a possible disease 
mechanism. J Neurosci 2004, 24:2270-2276. 

18. del Toro Daniel, Canals JM, Gines S, Kojima M, Egea G, Alberch J: Mutant 
huntingtin impairs the post-Golgi trafficking of brain-derived 
neurotrophic factor but not its Val66Met polymorphism. J Neurosci 2006, 
26:12748-12757. 

19. Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre JP, Rangone H, 
Cordelieres FP, De MJ, MacDonald ME, Lessmann V, Humbert S, Saudou F: 
Huntingtin controls neurotrophic support and survival of neurons by 
enhancing BDNF vesicular transport along microtubules. Cell 2004, 

118:127-138. 

20. Alberch J, Perez-Navarro E, Canals JM: Neurotrophic factors in 
Huntington's disease. Prog Brain Res 2004, 146:195-229. 

21. Cho SR, Benraiss A, Chmielnicki E, Samdani A, Economides A, Goldman SA: 
Induction of neostriatal neurogenesis slows disease progression in a 
transgenic murine model of Huntington disease. J Clin Invest 2007, 
117:2889-2902. 

22. Zuccato C, Cattaneo E: Brain-derived neurotrophic factor in 
neurodegenerative diseases. Nat Rev Neurol 2009, 5:31 1-322. 

23. Giralt A, Friedman HC, Caneda-Ferron B, Urban N, Moreno E, Rubio N, 
Blanco J, Peterson A, Canals JM, Alberch J: BDNF regulation under GFAP 



Giralt et al. Molecular Neurodegeneration 201 1, 6:71 
http://www.molecularneurodegeneration.eom/content/6/1/71 



Page 15 of 16 



promoter provides engineered astrocytes as a new approach for long- 
term protection in Huntington's disease. Gene Ther 2010, 17:1294-1308. 

24. Perez-Navarro E, Canudas AM, Akerund P, Alberch J, Arenas E: Brain-derived 
neurotrophic factor, neurotrophin-3, and neurotrophin-4/5 prevent the 
death of striatal projection neurons in a rodent model of Huntington's 
disease. J Neurochem 2000, 75:2190-2199. 

25. Canals JM, Pineda JR, Torres-Peraza JF, Bosch M, Martin-lbanez R, 
Munoz MT, Mengod G, Ernfors P, Alberch J: Brain-derived neurotrophic 
factor regulates the onset and severity of motor dysfunction associated 
with enkephalinergic neuronal degeneration in Huntington's disease. J 
Neurosci 2004, 24:7727-7739. 

26. Lindvall 0, Bjorklund A: First step towards cell therapy for Huntington's 
disease. Lancet 2000, 356:1945-1946. 

27. Lindvall O, Kokaia Z, Martinez-Serrano A: Stem cell therapy for human 
neurodegenerative disorders-how to make it work. Nat Med 2004, 
10(Suppl):S42-S50. 

28. Zuccato C, Cattaneo E: Role of brain-derived neurotrophic factor in 
Huntington's disease. Prog Neurobiol 2007, 81:294-330. 

29. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, 
Lawton M, Trottier Y, Lehrach H, Davies SW, Bates GP: Exon 1 of the HD 
gene with an expanded CAG repeat is sufficient to cause a progressive 
neurological phenotype in transgenic mice. Cell 1996, 87:493-506. 

30. File SE, Mahal A, Mangiarini L, Bates GP: Striking changes in anxiety in 
Huntington's disease transgenic mice. Brain Res 1998, 805:234-240. 

31. Luesse HG, Schiefer J, Spruenken A, Puis C, Block F, Kosinski CM: Evaluation 
of R6/2 HD transgenic mice for therapeutic studies in Huntington's 
disease: behavioral testing and impact of diabetes mellitus. Behav Brain 
Res 2001, 126:185-195. 

32. Menalled LB: Knock-in mouse models of Huntington's disease. NeuroRx 
2005, 2:465-470. 

33. Albin RL, Reiner A, Anderson KD, Dure LS, Handelin B, Balfour R, 
Whetsell WO, Penney JB, Young AB: Preferential loss of striato-external 
pallidal projection neurons in presymptomatic Huntington's disease. Ann 
Neurol 1992, 31:425-430. 

34. Xie Y, Hayden MR, Xu B: BDNF overexpression in the forebrain rescues 
Huntington's disease phenotypes in YAC128 mice. J Neurosci 2010, 
30:14708-14718. 

35. Denning GM, Ackermann LW, Barna TJ, Armstrong JG, Stoll LL, 
Weintraub NL, Dickson EW: Proenkephalin expression and enkephalin 
release are widely observed in non-neuronal tissues. Peptides 2008, 
29:83-92. 

36. Watson JD, Varley JG, Tomlin SJ, Medbak S, Rees LH, Hinds CJ: Biochemical 
characterization of circulating Met-enkephalins in canine endotoxin 
shock. J Endocrinol 1 986, 1 1 1 :329-334. 

37. Flagmeyer I, Haas HL, Stevens DR: Adenosine A1 receptor-mediated 
depression of corticostriatal and thalamostriatal glutamatergic synaptic 
potentials in vitro. Brain Res 1997, 778:178-185. 

38. Schotanus SM, Fredholm BB, Chergui K: NMDA depresses glutamatergic 
synaptic transmission in the striatum through the activation of 
adenosine A1 receptors: evidence from knockout mice. 
Neuropharmacology 2006, 51:272-282. 

39. Yin HH, Park BS, Adermark L, Lovinger DM: Ethanol reverses the direction 
of long-term synaptic plasticity in the dorsomedial striatum. Eur J 
Neurosci 2007, 25:3226-3232. 

40. Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet MF, 
Levine MS: Electrophysiological and morphological changes in striatal 
spiny neurons in R6/2 Huntington's disease transgenic mice. J 
Neurophysiol 2001, 86:2667-2677. 

41. Laforet GA, Sapp E, Chase K, Mclntyre C, Boyce FM, Campbell M, 
Cadigan BA, Warzecki L, Tagle DA, Reddy PH, et al: Changes in cortical and 
striatal neurons predict behavioral and electrophysiological 
abnormalities in a transgenic murine model of Huntington's disease. J 
Neurosci 2001, 21:9112-9123. 

42. Nagahara AH, Tuszynski MH: Potential therapeutic uses of BDNF in 
neurological and psychiatric disorders. Nat Rev Drug Discov 201 1, 
10:209-219. 

43. Zhang Y, Pardridge WM: Neuroprotection in transient focal brain 
ischemia after delayed intravenous administration of brain-derived 
neurotrophic factor conjugated to a blood-brain barrier drug targeting 
system. Stroke 2001, 32:1378-1384. 



44. Zhang Y, Pardridge WM: Blood-brain barrier targeting of BDNF improves 
motor function in rats with middle cerebral artery occlusion. Brain Res 

2006, 1111:227-229. 

45. Hoffman R, Tong J, Brandt J, Traycoff C, Bruno E, McGuire BW, Gordon MS, 
McNiece I, Srour EF: The in vitro and in vivo effects of stem cell factor on 
human hematopoiesis. Stem Cells 1993, 1 1 (Suppl 2):76-82. 

46. Kusakabe M, Mangiarini L, Laywell ED, Bates GP, Yoshiki A, Hiraiwa N, 
Inoue J, Steindler DA: Loss of cortical and thalamic neuronal tenascin-C 
expression in a transgenic mouse expressing exon 1 of the human 
Huntington disease gene. J Comp Neurol 2001, 430:485-500. 

47. Stack EC, Kubilus JK, Smith K, Cormier K, Del Signore SJ, Guelin E, Ryu H, 
Hersch SM, Ferrante RJ: Chronology of behavioral symptoms and 
neuropathological sequela in R6/2 Huntington's disease transgenic mice. 
J Comp Neurol 2005, 490:354-370. 

48. Yu ZX, Li SH, Evans J, Pillarisetti A, Li H, Li XJ: Mutant huntingtin causes 
context-dependent neurodegeneration in mice with Huntington's 
disease. J Neurosci 2003, 23:2193-2202. 

49. Faideau M, Kim J, Cormier K, Gilmore R, Welch M, Auregan G, Dufour N, 
Guillermier M, Brouillet E, Hantraye P, et al: In vivo expression of 
polyglutamine-expanded huntingtin by mouse striatal astrocytes impairs 
glutamate transport: a correlation with Huntington's disease subjects. 
Hum Mol Genet 2010, 19:3053-3067. 

50. Croll SD, Suri C, Compton DL, Simmons MV, Yancopoulos GD, Lindsay RM, 
Wiegand SJ, Rudge JS, Scharfman HE: Brain-derived neurotrophic factor 
transgenic mice exhibit passive avoidance deficits, increased seizure 
severity and in vitro hyperexcitability in the hippocampus and 
entorhinal cortex. Neuroscience 1999, 93:1491-1506. 

51. Kells AP, Henry RA, Connor B: AAV-BDNF mediated attenuation of 
quinolinic acid-induced neuropathology and motor function 
impairment. Gene Ther 2008, 15:966-977. 

52. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, Lu B: Direct 
current stimulation promotes BDNF-dependent synaptic plasticity: 
potential implications for motor learning. Neuron 2010, 66:198-204. 

53. Castren E: Neurotrophins as mediators of drug effects on mood, 
addiction, and neuroprotection. Mol Neurobiol 2004, 29:289-302. 

54. Pardon MC: Role of neurotrophic factors in behavioral processes: 
implications for the treatment of psychiatric and neurodegenerative 
disorders. Vitam Norm 2010, 82:185-200. 

55. Canteras NS, Resstel LB, Bertoglio LJ, Carobrez AP, Guimaraes FS: 
Neuroanatomy of anxiety. Curr Top Behav Neurosci 2010, 2:77-96. 

56. Cepeda C, Wu N, Andre VM, Cummings DM, Levine MS: The corticostriatal 
pathway in Huntington's disease. Prog Neurobiol 2007, 81:253-271. 

57. Milnerwood AJ, Raymond LA: Early synaptic pathophysiology in 
neurodegeneration: insights from Huntington's disease. Trends Neurosci 
2010, 33:513-523. 

58. Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES, 
Carpenter EM, Zanjani H, Hurst RS, et al: Enhanced sensitivity to N-methyl- 
D-aspartate receptor activation in transgenic and knockin mouse 
models of Huntington's disease. J Neurosci Res 1999, 58:515-532. 

59. Li YX, Zhang Y, Lester HA, Schuman EM, Davidson N: Enhancement of 
neurotransmitter release induced by brain-derived neurotrophic factor 
in cultured hippocampal neurons. J Neurosci 1998, 18:10231-10240. 

60. Rex CS, Lin CY, Kramar EA, Chen LY, Gall CM, Lynch G: Brain-derived 
neurotrophic factor promotes long-term potentiation-related 
cytoskeletal changes in adult hippocampus. J Neurosci 2007, 
27:3017-3029. 

61. Simmons DA, Rex CS, Palmer L, Pandyarajan V, Fedulov V, Gall CM, Lynch G: 
Up-regulating BDNF with an ampakine rescues synaptic plasticity and 
memory in Huntington's disease knockin mice. Proc Natl Acad Sci USA 

2009, 106:4906-4911. 

62. Jia Y, Gall CM, Lynch G: Presynaptic BDNF promotes postsynaptic long- 
term potentiation in the dorsal striatum. J Neurosci 2010, 30:14440-14445. 

63. Haydon PG: GLIA: listening and talking to the synapse. Nat Rev Neurosci 
2001, 2:185-193. 

64. Santello M, Volterra A: Neuroscience: Astrocytes as aide-memoires. Nature 

2010, 463:169-170. 

65. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, 
Alberini CM: Astrocyte-neuron lactate transport is required for long-term 
memory formation. Cell 201 1, 144:810-823. 



Giralt et al. Molecular Neurodegeneration 201 1, 6:71 
http://www.molecularneurodegeneration.eom/content/6/1/71 



Page 16 of 16 



67. 



69. 



70. 



72. 



73. 



74. 



66. Dougherty KD, Dreyfus CF, Black IB: Brain-derived neurotrophic factor in 
astrocytes, oligodendrocytes, and microglia/macrophages after spinal 
cord injury. Neurobiol Dis 2000, 7:574-585. 

Riley CP, Cope TC, Buck CR: CNS neurotrophins are biologically active and 
expressed by multiple cell types. J Mol Histol 2004, 35:771-783. 
Fellin T: Communication between neurons and astrocytes: relevance to 
the modulation of synaptic and network activity. J Neurochem 2009, 
108:533-544. 

Simmons DA, Mehta RA, Lauterborn JC, Gall CM, Lynch G: Brief ampakine 
treatments slow the progression of Huntington's disease phenotypes in 
R6/2 mice. Neurobiol Dis 201 1, 41:436-444. 

Squitieri F, Orobello S, Cannella M, Martino T, Romanelli P, Giovacchini G, 
Frati L, Mansi L, Ciarmiello A: Riluzole protects Huntington disease 
patients from brain glucose hypometabolism and grey matter volume 
loss and increases production of neurotrophins. Eur J Nucl Med Mol 
Imaging 2009, 36:1113-1120. 

Ingelsson M, Fukumoto H, Newell KL, Growdon JH, Hedley-Whyte ET, 
Frosch MP, Albert MS, Hyman BT, Irizarry MC: Early Abeta accumulation 
and progressive synaptic loss, gliosis, and tangle formation in AD brain. 

Neurology 2004, 62:925-931. 

Verkhratsky A, Olabarria M, Noristani HN, Yeh CY, Rodriguez JJ: Astrocytes 
in Alzheimer's disease. Neurotherapeutics 2010, 7:399-412. 
Braak H, Sastre M, Del TK: Development of alpha-synuclein 
immunoreactive astrocytes in the forebrain parallels stages of 
intraneuronal pathology in sporadic Parkinson's disease. Acta 
Neuropothol 2007, 114:231-241. 

Terada S, Kuroda S, Ishizu H: [Parkinson's disease]. Ryoikibetsu Shokogun 
Shirizu 2003, 257-260. 

75. Vargas MR, Johnson JA: Astrogliosis in amyotrophic lateral sclerosis: role 
and therapeutic potential of astrocytes. Neurotherapeutics 2010, 7:471-481. 

76. Blurton-Jones M, Kitazawa M, Martinez-Coria H, Castello NA, Muller FJ, 
Loring JF, Yamasaki TR, Poon WW, Green KN, LaFerla FM: Neural stem cells 
improve cognition via BDNF in a transgenic model of Alzheimer disease. 
Proc Natl Acad Sci USA 2009, 106:13594-13599. 
Ferrante RJ, Andreassen OA, Dedeoglu A, Ferrante KL, Jenkins BG, 
Hersch SM, Beal MF: Therapeutic effects of coenzyme Q10 and 
remacemide in transgenic mouse models of Huntington's disease. J 
Neurosci 2002, 22:1592-1599. 

Gimenez-Llort L, Fernandez-Teruel A, Escorihuela RM, Fredholm BB, 
Tobena A, Pekny M, Johansson B: Mice lacking the adenosine A1 receptor 
are anxious and aggressive, but are normal learners with reduced 
muscle strength and survival rate. Eur J Neurosci 2002, 16:547-550. 
Glynn D, Bortnick RA, Morton AJ: Complexin II is essential for normal 
neurological function in mice. Hum Mol Genet 2003, 12:2431-2448. 

80. Martin-lbanez R, Jenstad M, Berghuis P, Edwards RH, Hioki H, Kaneko T, 
Mulder J, Canals JM, Ernfors P, Chaudhry FA, Harkany T: Vesicular 
glutamate transporter 3 (VGLUT3) identifies spatially segregated 
excitatory terminals in the rat substantia nigra. Eur J Neurosci 2006, 
23:1063-1070. 

81 . Gundersen HJ: The nucleator. J Microsc 1 988, 151:3-21. 

82. Torres-Peraza J, Pezzi S, Canals JM, Gavalda N, Garcia-Martinez JM, Perez- 
Navarro E, Alberch J: Mice heterozygous for neurotrophin-3 display 
enhanced vulnerability to excitotoxicity in the striatum through 
increased expression of N-methyl-D-aspartate receptors. Neuroscience 
2007, 144:462-471. 

83. Martin ED, Buno W: Stabilizing effects of extracellular ATP on synaptic 
efficacy and plasticity in hippocampal pyramidal neurons. Eur J Neurosci 
2005, 21:936-944. 



77. 



78. 



79. 



doi:1 0.1 1 86/1 750-1 326-6-71 

Cite this article as: Giralt et al:. Conditional BDNF release under 
pathological conditions improves Huntington's disease pathology by 
delaying neuronal dysfunction. Molecular Neurodegeneration 2011 6:71. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



